(RAS) is one such example that has proved difficult to functionally dissect because of the interfacing of the classic systemic RAS and the individual tissue RASs located in the heart, kidneys, adrenals, vessels, and brain (13) . Indeed, the brain RAS has remained especially puzzling, in part because of its complex regional and cellular gene expression patterns and the lack of tools for targeting it selectively (34) .
One approach for inducing tightly restricted gene modification in mice is with the Cre/loxP system (42) . Cre is a bacteriophage P1-derived DNA recombinase that catalyzes recombination between two appropriately oriented 34-bp recognition sequences termed loxP sites (47, 48) . LoxP sites can be inserted into the mouse genome such that they flank important coding sequences of a particular gene of interest (gene "floxing"). Genes modified to contain loxP sites within introns function normally in the absence of Cre, but are rendered nonfunctional in the presence of Cre due to excision of the floxed segment (41, 42) . Since the floxed gene is found in every cell of the mouse, the specificity of the gene excision arises from tissue-or cell-selective delivery of Cre recombinase. This can be accomplished through breeding of the model containing the floxed allele with a second transgenic mouse that expresses Cre only in the cells/tissue of interest through the use of a highly specific promoter (22) . However, in cases where such promoters are not available, recombinant viral vectors provide an important alternative for selective delivery of Cre. Indeed, we and others have demonstrated the utility of adenovirus (46) , adeno-associated virus (19) , and herpes virus (5) to deliver Cre recombinase to the mouse in vivo.
The Cre/loxP system has increasingly shown promise for investigating genes involved in central nervous system (CNS) function. To date, most studies have relied on engineered transgenic models with Cre recombinase driven off brain region-selective promoters (49) . However, for brain regions such as cardiovascular regulatory circuitries that do not yet have specific promoters identified (10, 20) , this approach has been limited. Recent studies demonstrate that viral vectors provide a powerful alternative for delivering genes to brain nuclei involved in cardiovascular regulation (20, 45) . For example, our findings showed that adenovirus (Ad) and feline immunodeficiency virus (FIV) can be used to efficiently and selectively target gene delivery in mice to regions such as the subfornical organ (SFO) and the supraoptic nucleus (SON), two brain nuclei implicated in the control of blood pressure and volume homeostasis (45) . We also demonstrated that the two viruses differ markedly with regard to cell-type specificity and local vs. distant infectivity in these neural axes. For example, FIV targeted transgene expression selectively to neurons and in tissue only at the primary injection site. In contrast, Ad trans-duced both neurons and glial cells and could be used to target distant subpopulations of neurons through retrograde transport (45) . These studies suggested that by capitalizing on the unique properties of Ad and FIV for transgene delivery, neural mechanisms within central cardiovascular networks could be effectively dissected (45) .
The objective of the current study was to establish the feasibility of utilizing these two recombinant viruses to deliver Cre recombinase and induce highly localized gene recombination in key cardiovascular networks, i.e., the SFO-hypothalamic-hypophysial and brain stem-parabrachial axes. The rationale for focusing on these circuits is twofold. First, both are strongly implicated in cardiovascular and volume homeostasis, although the mechanisms are poorly understood (10) . Second, genes of the RAS are expressed in these neural networks, but the functional significance of this remains to be determined (11, 24, 25) . Using a transgenic mouse model generated specifically as an in vivo reporter for Cre-triggered recombination ("CAG-CATZ"; Refs. 1, 4), we report here that virally delivered Cre can mediate efficient gene ablation in highly select populations of cells in these central cardiovascular regulatory sites. These studies suggest the potential of the Cre/loxP system for unraveling complex mechanisms of central neurocardiovascular regulation such as that mediated by the brain RAS.
METHODS

Animals.
Experiments were performed in adult (8-10 wk) transgenic reporter mice ("CAG-CATZ") in which Cre recombinase activates ␤-galactosidase (␤-gal) expression (kind gift of Dr. M. Schneider, Baylor College of Medicine). It has been shown previously that the Cre-dependent reporter transgene is expressed ubiquitously in CAG-CATZ mice, and the model has been characterized extensively for Cre-induced gene deletion at the DNA, RNA, and protein levels (1, 4, 36, 37, 39, 40) . Mice were individually housed in a temperaturecontrolled, 12:12-h light-dark cycle and had free access to standard mouse diet (LM-485; Teklad Premier Laboratory Diets) and water. All procedures were approved by the University of Iowa Animal Care and Use Committee.
Viral vectors. All Cre-encoding and control viral vectors were provided by the University of Iowa Gene Transfer Vector Core. The Ad vector encoding Cre recombinase (Ad-Cre) was generated and characterized previously as described (46) . The Cre transgene is driven off the human cytomegalovirus (CMV) promoter, and the Ad backbone is based on dl309 and is of serotype 5 (18) . The Ad vector without an inserted transgene was used as a control for the vector itself.
Second-generation FIV packaging and vector constructs used for these studies have been described previously (17) . The FIV vector construct pVET LCMVCre was obtained by subcloning the Cre expression cassette (46) into the pVETLCmcs backbone (17) . The vesicular stomatitis virus (VSV)-g envelope expression plasmid, pCMV-G, has been described (53) . Pseudotyped FIV-Cre vector particles were obtained by transient transfection of human kidney 293T cells with FIV packaging (pCFIV⌬orf⌬vif), FIV vector (pVET LCMVCre), and envelope pCMV-G constructs in a 2:3:1 weight ratio using standard calcium phosphate methods. Harvested supernatants were filtered and concentrated by centrifugation as described (6) . Ad and FIV viral titers were evaluated as described previously (3, 6, 45, 55) , and FIV-Cre and Ad-Cre titers were ϳ1 ϫ 10 8 TU/ml and ϳ1 ϫ 10 10 pfu/ml, respectively. In vitro studies in primary neuronal cultures. The lamina terminalis from pups of the CAG-CATZ reporter mice (10 days old, 8 pups per culture) were dissected and cultured as previously described (54) . Homogenous cell suspensions were plated in poly-L-lysine-coated chamber slides containing prewarmed serum-enriched media, and the cells were allowed to recover overnight. Cultures were then washed and grown in serum-free media for 24 h before being inoculated with ϳ1 ϫ 10 4 pfu/ml per well of Ad-Cre or ϳ2 ϫ 10 2 TU/ml per well FIV-Cre diluted in culture medium. Vehicle and empty viral vector controls were also employed using the same conditions. Thirty hours later, cells were washed and fixed with 4% paraformaldehyde. Cells that had undergone Cre-mediated gene excision were identified using X-gal histochemistry to detect ␤-gal activity as described (45) . Cultures were analyzed by light microscopy (ϫ40 magnification), and neurons and nonneuronal cells were identified on the basis of their characteristic morphology as described (30) . X-gal-positive cells were counted over four randomly selected fields within the middle of the coverslip from each of 4-6 wells. Studies were performed in triplicate for each of three separate CAG-CATZ litters.
In vivo gene transfer of Cre to cardiovascular nuclei in the brain. CAG-CATZ mice were anesthetized with ketamine (90 mg/kg ip) and acepromazine mix (1.8 mg/kg ip), then positioned in a stereotaxic frame (David Kopf Instruments), and the skull was exposed by an incision and leveled between lambda and bregma (45) . Ad-Cre (ϳ1 ϫ 10 10 pfu/ml) or FIV-Cre (ϳ1 ϫ 10 8 TU/ml) was microinjected as described (45) into one of the following brain sites: lateral ventricles (LV; Ad-Cre, n ϭ 6; FIV-Cre, n ϭ 4), SFO (Ad-Cre, n ϭ 24; FIV-Cre, n ϭ 14), SON (Ad-Cre, n ϭ 9; FIV-Cre, n ϭ 7), extended lateral parabrachial nucleus (elPB; FIV-Cre, n ϭ 4), mesencephalic trigeminal nucleus (meV; FIV-Cre, n ϭ 3), or neurohypophysis (NH, Ad-Cre, n ϭ 4). Empty viral vectors or vehicle (3% sucrose in PBS) were injected as controls (n ϭ 7). We have established previously that these viral concentrations do not induce cytotoxic or inflammatory effects in vivo (45) . Brain coordinates and microinjection volumes have been established in previous studies (23, 45, 50) With the exception of the LV, these coordinates place the injector just dorsal to each site, allowing selective injection without damage to the structure (45) . Incisions were closed and mice were kept warm until full recovery from anesthesia before being returned to their home cages in the Animal Care Unit.
␤-Galactosidase histochemistry and double immunofluorescence. At 1 or 3 wk after microinjection of Cre viruses, mice were anesthetized and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde in phosphate buffer (PB). Brains were removed, incubated in the same fixative for 2 h, and then transferred to 20% sucrose overnight for cryoprotection. Serial coronal sections (30 m) were cut on a freezing microtome and free-floated in PB. Some sections were processed for ␤-gal activity using X-gal (Boehringer Mannheim), counterstained with eosin, and analyzed by light microscopy as described (45) . Corresponding serial sections were processed for double immunofluorescence to provide further confirmation of Cre-mediated gene deletion. Sections were incubated with rabbit anti-␤-gal antibody (1:500, RBI) and Cre-specific mouse antibody (1:100, Covance) overnight at 4°C. These primary antibodies were detected using Alexa Fluor 488-conjugated goat anti-rabbit IgG Statistical analysis. Cell count data are expressed as means Ϯ SE. Data were analyzed by the Student's modified t-test using Prism (GraphPad Software).
RESULTS
In initial studies to validate the function of the Ad-Cre and FIV-Cre vectors, in vitro experiments were performed in primary cells cultured from the lamina terminalis of CAG-CATZ pups. This region was chosen because of its rich population of cells important in cardiovascular regulation (16) and because it encompasses some of the regions that were studied in vivo. Furthermore, cultured lamina terminalis neurons are easily distinguished morphologically from nonneuronal cells by their characteristic spherical somata of 10-25 m in diameter (30) . Both Ad-Cre and FIV-Cre induced robust LacZ activation in lamina terminalis cells of the CAG-CATZ reporter mouse (Fig.  1) , demonstrating functional Cre-mediated recombination with either vector in this model system. However, the viral constructs differed with regard to cell type selectivity. Ad-Cre induced ␤-gal expression with equal efficiency in neuronal and nonneuronal cells (Fig. 1, A and C) . Nearly all cells counted were X-gal positive, with approximately half of the positive cells characterized as neuronal (48 Ϯ 3%) and the other half as nonneuronal (49 Ϯ 4%, P Ͼ 0.05). In contrast, FIV-Cre induced gene recombination only in cells with neuronal morphology (Fig. 1, B and C) . Almost no X-gal staining was detected in nonneuronal cells infected with FIV-Cre (3 Ϯ 2%), resulting in cultures with approximately half of the cells (51.9 Ϯ 2%) showing LacZ activation. It should be noted that no positive X-gal staining was observed in cultured cells treated with vehicle or control vectors (data not shown).
To extend these studies and demonstrate that in vivo deletion of genes can be accomplished in specific cardiovascular and volume regulatory centers of the brain, we targeted delivery of Ad-Cre and FIV-Cre to the SFO or SON by stereotaxic microinjection in CAG-CATZ reporter mice. Robust X-gal staining was observed as early as 1 wk and for as long as 3 wk (the longest time point in this study) in both of these sites with either Ad-Cre or FIV-Cre infection ( Fig. 2A) . Except for occasional X-gal staining along the injection track itself, Cretriggered LacZ activation was restricted to the intended regions. Similar to our earlier gene transfer studies (45), our success rates for accurately targeting these small brain regions for Cre-mediated deletion were ϳ75% for the SFO and 50% for the SON. No X-gal staining was detected when control vectors or vehicle were injected (data not shown), suggesting that the expression of ␤-gal protein and the predicted recombination event were contingent on the delivery of Cre recombinase. To provide further corroboration of this, double immunohistochemistry was performed using anti-␤-gal and anti-Cre antibodies in consecutive sections that had stained positive for X-gal. As shown in a representative example in Fig. 2B , there was colocalization of ␤-gal and Cre expression in the SFO of a CAG-CATZ mouse injected with Ad-Cre in this site. Taken together, these findings establish the feasibility of inducing selective gene deletion by direct microinjection of Cre viruses into these cardiovascular regulatory nuclei.
An alternative to using direct microinjection for targeting gene delivery to the SFO is suggested by our recent studies demonstrating that highly efficient transduction of this site can also be achieved with injection of viral vectors into the lateral ventricles (27, 54) . This is due both to the bulging of this structure into the ventricular space, and to its lack of a bloodbrain barrier (12) . To determine whether this is a viable approach for inducing Cre-mediated gene recombination in the SFO, CAG-CATZ mice were injected intracerebroventricularly with Cre viruses, and brains were analyzed for X-gal staining. As shown in the example in Fig. 3 using Ad-Cre, LacZ activity was limited to the periventricular tissue of the lateral and third ventricles, as well as the SFO. Consistent with our previous findings, the X-gal staining in the SFO was particularly prominent in the outer perimeter and lateral horns of the structure (27, 54) . No other staining was detected outside of these areas, including mid-or hindbrains regions. The relatively simpler approach of intraventricular vs. site-directed injection of viruses is reflected in our 100% success rate in targeting the SFO for gene deletion using this injection strategy.
Our previous studies have shown that adenoviruses can be used to target gene delivery to secondary subpopulations of neurons along the SFO-hypothalamic axis through retrograde transport (45) . In contrast, FIV-mediated gene transfer to this network was shown to be restricted to the sites of injection (45) . To determine whether these properties of the viruses can be extended to Cre-dependent gene recombination, brains were examined for X-gal staining in sites other than those directly injected with Ad-Cre or FIV-Cre. As seen in representative examples in Fig. 4 , induction of LacZ activity was detected in a subpopulation of neurons within the outer perimeter and lateral horns of the SFO when Ad-Cre was injected downstream in the SON (Fig. 4A) . No other sites that project to the SON showed positive X-gal staining. Similarly, injection of Ad-Cre into the NH resulted in positive X-gal staining in the upstream hypothalamic nuclei, paraventricular nucleus (PVN) and SON (Fig. 4B) . In the PVN, the ␤-gal expression was localized to the area of the nucleus where the magnocellular neurons reside (25) . No X-gal staining was detected outside of these secondary sites. Since both the SFO-SON and PVN/ SON-NH pathways are characterized by direct short loop projections (31), these findings suggest that Ad-Cre was taken up and transported retrogradely to induce gene deletion in the soma of neurons in these secondary targets. In contrast, Cremediated recombination remained localized to each of the respective primary injection sites when FIV-Cre was used. As seen in the example in Fig. 4C , no X-gal-positive staining was detected in the SFO (or any other sites) when FIV-Cre was injected into the SON.
Finally, the cellular selectivity of the two Cre-expressing viruses was assessed in vivo. Morphological analyses were employed initially, and the results for FIV-Cre were clear. As seen in examples in Fig. 5A in which the elPB or meV nuclei were microinjected with FIV-Cre, X-gal staining was restricted to cells with neuronal morphology. In Ad-Cre-injected brains, morphological data were more difficult to discern due to multiple cell types staining positive for X-gal. As such, doubleimmunohistochemistry for ␤-gal and either neuronal (MAP-2, microtubule-associated protein-2) or glial (GFAP, glial fibrillary acidic protein) marker proteins was carried out. As shown in an example of Ad-Cre-injected SON (Fig. 5B) , Cre-triggered LacZ activation was observed in both neuronal and glial cell types. Together, these results suggest that Cre/loxP recombination can be induced with differential cell selectivity in central cardiovascular regulatory sites using Ad-Cre and FIVCre. The differential tropism of these two Cre-expressing viruses is consistent with our recent studies using FIV and Ad reporter viruses in vivo (45) , other reports investigating different brain regions (2, 9) , and with the current in vitro results (see Fig. 1 ).
DISCUSSION
It is well known that central cardiovascular and body fluid homeostasis involves the coordinated activity of numerous brain nuclei made up of multiple cell types and molecules (16, 34) . Understanding the molecular mechanisms governing these complex neural networks has posed a significant challenge due in part to a lack of tools for selectively dissecting the function of genes within these regions. The Cre/loxP system has shown substantial promise for investigating genes involved in nervous system function and pathology (19, 49) . However, the application of this strategy to central cardiovascular circuits has been problematic in part due to the lack of promoters for generating transgenic mice expressing Cre selectively in these brain regions. Given the recent evidence that viral gene transfer is a powerful tool for manipulating gene expression in these neural pathways (20, 45), we sought to establish the feasibility of using a combination of viral vector and Cre/loxP technologies to target specific cardiovascular nuclei in the brain for conditional gene modification.
Here, we report for the first time that recombination of loxP-flanked genes can be achieved in select cardiovascular regulatory nuclei of adult mouse brain using targeted delivery of viruses bearing Cre recombinase. Single stereotaxic microinjections of Ad-Cre or FIV-Cre into specific nuclei along the SFO-hypothalamic-hypophysial and brain stem-parabrachial axes resulted in robust and highly localized gene deletion as early as 7 days and for as long as 3 wk in CAG-CATZ Cre reporter mice. An even greater spatial selectivity in Cremediated gene deletion could be achieved in unique subpopulations of neurons within some of these regions by delivering Ad-Cre via retrograde transport. Moreover, whereas the CAG-CATZ reporter gene is functional in all cell types, Ad-Cre and FIV-Cre induced gene recombination in differential cell populations within these cardiovascular nuclei. FIV-Cre infection resulted in LacZ activation selectively in neurons, whereas both neuronal and glial cell types underwent gene recombination upon infection with Ad-Cre. Together, these results provide proof-of-principle that the Cre/loxP system can be used to induce conditional gene modification in discrete cardiovascular nuclei in the brain and suggest the potential of this approach for determining the functional role of genes within these sites.
The SFO-hypothalamic-hypophysial and brain stem-parabrachial axes are complex circuits encompassing a variety of nuclei in different brain regions. As such, we rationalized that they would serve as good model systems for testing the feasibility of this approach in vivo. The SFO, one of the circumventricular organs, is thought to couple blood-borne signaling molecules such as angiotensin II (ANG II) with a number of central neural networks involved in maintaining cardiovascular and fluid homeostasis. For example, it sends direct projections to magnocellular vasopressinergic cells of the PVN and SON, the axons of which in turn project to the NH where this neuropeptide is stored for release into the circulation (26, 31) . The SFO also innervates parvocellular neurons of the PVN, which send efferent projections to sympathetic outflow centers in the brain stem and spinal cord (35) . The parabrachial complex is implicated as a major relay center through which various neuroeffector nuclei receive sensory information related to blood pressure and volume status (15, 32) , and the meV is involved in processing sensory information that may have implications for fluid intake (28) . In addition, the meV has been suggested to receive projection fibers from the area postrema (29) and the dorsal raphe nucleus (8) , two cardiovascular regulatory nuclei. However, despite evidence of important roles for each of these sites in cardiovascular and/or fluid balance, the precise pathways and molecular mechanisms involved remain poorly understood. Demonstration in this study that these nuclei can be selectively targeted for gene ablation using viral delivery of Cre suggests the potential of this approach for unraveling some of the complexities of these neural networks.
In addition to providing the means for inducing robust Cre expression in a spatially regulated manner, recombinant viral vectors offer a number of other advantages for achieving Cre-mediated gene modification in neural networks such as these. The differential cellular selectivity of FIV-Cre and Ad-Cre could be brought to bear in investigating the function of genes that exhibit cell-specific expression. For example, much of the interest and controversy surrounding the brain RAS is related to the complex differential pattern of expression of RAS genes in neurons and glia in these cardiovascular nuclei. Angiotensinogen (AGT), the only known precursor for ANG II, is clearly expressed in glial cells in many of these brain regions (44) . However, the recent identification of AGT in distinct populations of neurons in select regions has raised questions about the significance of these different cellular Cell-specific double-labeling is shown in merged (yellow) images, demonstrating that Ad-Cre-triggered LacZ activation is detected in both cell types. Scale bar ϭ 100 m. elPB, extended lateral parabrachial nucleus; meV, mesencephalic trigeminal nucleus; GFAP, glial fibrillary acidic protein; MAP-2, microtubule-associated protein-2.
sources of the substrate. Sites such as the SFO, SON, elPB, and meV each have been reported to contain neuronal AGT, although the functional significance of this is unknown (11, 52) . Similarly, ANG II receptors are expressed exclusively within neurons in sites such as the SFO and SON, whereas they are detected in both neurons and glia in other regions (24, 25) . Given the findings in this study that neurons in these regions can be discretely targeted for gene deletion using FIV-Cre, the Cre/loxP approach could be useful in dissecting out the significance of the differential cellular selectivity of the RAS as well as other molecules. It should be noted that verification of normal cellular properties would be important in studies where functional genes are deleted. For example, Scammell et al. (43) demonstrated that except for the lack of any response to adenosine, neurons that had undergone Cre-mediated adenosine A 1 receptor deletion exhibited normal electrophysiological responses.
Another feature of virally mediated Cre expression that is unique and could lend itself to investigation of central cardiovascular mechanisms is the retrograde transportability of adenoviruses from axon terminals at the injection site to distant secondary regions (38) . In this study, Cre-mediated gene recombination was demonstrated in the vasopressin-synthesizing magnocellular neurons of the PVN and SON when Ad-Cre was microinjected into the downstream NH. Similarly, the subset of neurons that reside in the outer annular region of the SFO were selectively targeted for gene deletion by injection of Ad-Cre into the SON. Since each of these subgroups of neurons is functionally unique, the ability to induce selective gene deletion in them would provide an important tool for determining underlying molecular pathways. For example, vasopressin plays a pivotal role in cardiovascular and fluid regulation through its actions as an antidiuretic hormone and vasopressor agent (16, 51) , so the ability to selectively target gene deletion to the cells in the brain that synthesize this important neuropeptide would be very powerful. Likewise, the neurons in the outer perimeter and lateral horns of the SFO are thought to be important in mediating the effects of ANG II on water intake and vasopressin secretion (33), but they cannot be selectively manipulated by direct approaches. This strategy provides the opportunity to determine the role of specific genes in these and other specialized cell groups within central cardiovascular circuits. We are currently investigating the feasibility of inducing Cre-mediated gene deletion in parvocellular PVN neurons by injecting Ad-Cre into rostral ventrolateral medulla, a site that receives projections from this unique subgroup of PVN cells and is involved in regulating sympathetic nerve activity (35) .
There are also a number of practical considerations that make using virally delivered Cre very attractive. First, it eliminates the need for time-consuming and resource-intensive breeding strategies that involve crossing Cre-expressing transgenic lines with mice engineered with loxP sites. Confounding problems associated with increased variation in the genetic background that come with crossing transgenic lines are also circumvented. However, perhaps the most important advantage is that the timing of the onset of gene recombination can be easily controlled. Although there are methods for achieving temporally regulated gene modification in the brain through the use of inducible promoters (21) , the viral/Cre system offers a more straightforward approach for achieving similar goals. Since Cre-expressing viruses can be administered at any time postnatally (within mouse size limitation), this not only allows control over the time of induction of gene recombination, it also provides the opportunity to collect preinjection baseline phenotype data for comparison to Cre-evoked changes within the same animal. Although in the current study we did not perform strict time-course experiments, i.e., 1 and 3 wk were the only time points examined, Cre-mediated gene recombination was shown to be stable for at least 3 wk. Although gene deletion may in fact be more long-lasting (19) , even this amount of time would allow investigations of gene function in long-term neural regulation of cardiovascular function.
Central neural mechanisms play a key role in cardiovascular and volume homeostasis, and alterations in neurocardiovascular regulation have long been implicated in pathological states such as hypertension, heart failure, diabetes, and obesity (7) . The demonstration in this study that loxP-modified genes within discrete cardiovascular nuclei can be targeted for Cremediated deletion suggests that this will be a powerful strategy for unraveling the physiological and pathophysiological mechanisms of central cardiovascular control.
